This paper presents a novel soft tissue elasticity measurement technique based on the fusion of Magnetic, Angular Rate, and Gravity (MARG) sensors and fixed tactile sensors. This paper is intended both as a stand-alone technology and as an extension of traditional tactile imaging of the breast to allow for accurate diagnosis of breast lesions. A series of artificial silicone materials known to imitate soft biological breast tissues is characterized using the proposed system and compared against an Instron universal testing machine to determine the system accuracy and repeatability. Comparing the characteristics of ten distinct materials, with elasticities in the range 9-90 kPa, determined by the proposed system to those from the Instron yields accuracy within 4% over the full-scale range. Interexperimental repeatability is within 1.5%. The proposed system delivers absolute elasticity of materials to within 4%, which, when combined with its lack of moving parts and low implementation cost, can significantly improve the diagnostic capability of tactile imaging in the clinical environment. By applying this technique, to determine the background elasticity of breast tissue, in conjunction with the relative lesion elasticity result from tactile arrays, the full non-invasive diagnostic potential of tactile imaging can be realized with the effect of reducing benign biopsy rates, secondary care costs, and patient stress.
in the United States costing on average between $290 and $380 each [4] , and 80% resulting in benign diagnosis [5] , [6] , it is clear that this presents an unacceptable and unnecessary burden on the secondary care system.
Recent developments in industry and academia have focused on reducing the burden on the secondary care system by allowing for a basic malignant/benign differentiation at home or primary care centers [7] . These developments, based on tactile imaging [8] , showed that a 23% reduction in benign biopsy rate was possible with no missed cancers. Current implementations of tactile imaging use a differential measurement system to determine the relative elasticity of a lesion with respect to the background breast tissue [9] , which may be sufficient for a general binary lesion differentiation but for a detailed diagnosis, using any classification algorithm, the absolute elasticity of a lesion, amongst other parameters, is required [10] [11] [12] .
A. Hand Held Elasticity Measurement
Given that absolute elasticity measurement, and material characterization, can be generalized to a force variation with respect to a compression, or tension, displacement variation, the conventional methods of applying and measuring displacement are applied to portable handheld systems in the literature and in industry.
Optical and hyperspectral camera based techniques have been developed [13] , measuring transverse stretching of a lesion for an applied load but, as the camera presents clinical privacy issues this method may face pushback from clinicians and patients when moved from academia to industry.
More traditional methods of measuring elasticity using mechanically driven palpating elements [14] show more promise in terms of public acceptance however, the limitation of the 4x4 mobile tactile element array reduces the available spatial resolution compared with the fixed element implementation [8] with a 12x16 fixed element array in a similar area. This means that though an absolute elasticity value is obtained, size and shape information is lost which are each important diagnostic metrics [15] .
With these issues in mind, this paper proposes a method of measuring tissue compression, without cameras or palpation guide rails, that can be applied to fixed element tactile arrays, characterizing elasticity whilst maintaining the spatial resolution they enjoy. To that end, this paper presents a novel sensor displacement measurement technique based on the double integration of compression acceleration, utilizing Magnetic, Angular Rate and Gravity (MARG) sensors.
B. MARG Sensor Displacement Measurement
The measurement of displacement using MARG sensors has been attempted by several eminent authors to varying degrees of success. The primary concern addressed in the literature is the mitigation of the quadratic drift typical of double integration, required to determine displacement from acceleration. The second is the accurate estimation of sensor orientation, required to separate the motion acceleration vector from the static freefall acceleration (gravity) vector.
Rahni and Yahya [16] showed that the orientation estimate obtained using a simple 6DOF integrated accelerometer and gyroscope, or inertial measurement unit (IMU), was insufficient to reliably measure displacement. This was due to the limitations in response time and noise rejection from early complementary filters and Kalman filters, compounded with the reliance on a drifting gyroscope alone to measure orientation. From this point onward a 9DOF MARG is typically used for displacement measurements, as the orientation estimate has been repeatedly shown to be drift free and resilient to motion noise [17] [18] [19] .
Mitigation of the quadratic drift from double integration is ultimately achieved using expert knowledge concerning the type of motion being measured, namely: knowledge on when either velocity or displacement is equal to a known value.
In the field of human gait tracking, knowing that between steps the velocity of the sensor is zero, the integral drift can be determined and corrected for, allowing for reduction in displacement error shown by Yun et al. [20] where an uncorrected displacement error of 33.3% can be reduced to 0.3% by applying the velocity constrained drift correction.
Similarly, in the application of Cardiac motion measurement, Krogh et al. [21] shows that by knowing that the motion of the cardiac wall is cyclic, the displacement between cycles is zero and thus the displacement drift can be measured and corrected for. This type of assumption is more difficult to correct for, in terms of accuracy, relative to the velocity drift compensation as the error source is not restricted to the acceleration integral alone [22] .
With these examples in mind, this paper will introduce a new 9DOF MARG displacement algorithm tailored for the specific motion type experienced by an indenter insertion. Concisely, this is the situation where, during an insertion cycle, the velocity, when displacement is maximal, is zero. This means that both displacement and velocity-based compensation methods are utilized, and a full description of this situation and the algorithm is hereby presented and applied to elasticity measurement of soft tissues.
II. ORGANIZATION OF PAPER
Section III introduces the hardware used in this work, including a detailed description of the components, assembly, and critical operating conditions. Section IV goes on to detail how this hardware is fused to measure the characteristic curve of a test material by proposing the MARG displacement algorithm and explaining how force measurement stability can be used to mitigate the expected integral drift. Section V shows how the algorithm and hardware are validated for the purpose of material characterization. The materials under test are described, in addition to the ground truth reference measurement. Data processing and cleansing criteria are similarly described in this section. Section VI presents the results of the proposed algorithm and hardware applied to material characterization by quantifying the accuracy and reliability vs. the ground truth measurement, and the results are presented numerically and graphically for added clarity. Section VII discusses the results and presents the intended future direction of the proposed technology beyond simple material characterization, within the clinical environment and without. Finally, Section VIII summarizes the contribution to knowledge presented in this work and defines the authors' strategic direction regarding the proposed technology.
III. HARDWARE IMPLEMENTATION
The proposed algorithm is implemented in hardware using a SingleTact™ 15mm 45N rated capacitive pressure sensor (Pressure Profile Systems, US-CA), with <1% repeatability and <2% linearity, is coupled between a 15mm diameter hemispherical aluminum indenter and a 15mm diameter aluminum probe shaft. The sensor is fixed to the indenter tip and shaft using 3M 300LSE double sided tape (3M Company, US-MN). A 38mm diameter acrylic guard is used to protect the sensor from excessive load by decoupling the excess load, when depth is greater than 7.5mm, from the sensor and transferring it directly to the shaft. An ergonomic handle is applied to the end of the probe shaft, in which the MARG sensor and interfacing microcontroller are housed. The MARG sensor used is a BNO055 (Robert Bosch GmbH, DE), connected to an ATMega32U4 microcontroller (Microchip Technology Inc., US-AZ) running at 16 MHz. These sensors are commercially available and communicate via I 2 C. They each implement proprietary filters to output their respective variables. The constructed device is shown in Fig. 1 .
Power is supplied via the Universal Serial Bus (USB) port, also used to interface the measurement system to an external computer running the proposed algorithm. Data is requested from the BNO055 and SingleTact™ sensors at 100 Hz and transmitted to the computer immediately without buffering.
The SingleTact™ interface board converts the capacitance change of the sensor into force and performs internal lowpass filtering. The BNO055 MARG sensor is configured to output the absolute orientation quaternion as well as the linear acceleration vector. Its internal fusion algorithm filters the effect of intermittent magnetic fields with the gyroscopes.
Although the handle shape is largely unimportant, what is important is its effect on any elasticity measurement. The elasticity of the handle must be very high with respect to the materials under test such that the elasticity of the handle does not corrupt the elasticity measurement of the material under test. The deformation of the pressure sensor is assumed to be very low, and thus its elasticity very high, with respect to the material under test.
IV. THEORY OF OPERATION

A. Displacement in the Context of Elasticity
The device measures the force vs. displacement relationship of an unknown soft material, with the proposed MARG integration algorithm providing the displacement measurement. The displacement of interest, shown in Fig. 2 , is the displacement covered by the device from the point of first contact to the point of maximum force, as this will be the point of maximum displacement into the test material during the compression phase. The initial contact velocity, required for this measurement, cannot be determined directly by integration of acceleration, as it is not known when in time the device begins its approach to the material. The proposed algorithm deals with this issue effectively using knowledge that the velocity when the compression period ends is zero. Fig. 2 shows the four principal phases of device operation. The approach period is where the device approaches the test sample linearly, and the compression period contains the displacement required for material characterization, from the first indenter contact to the point of maximum force.
B. Elasticity Specific Algorithm
The proposed sensor algorithm is shown in Fig. 3 . A 9DOF MARG orientation fusion algorithm based on a gradient descent method [19] is implemented using the BNO055. This fuses the magnetic field (B), angular rotation rate (Q), and the acceleration vector (a), to determine the orientation of the sensor with respect to the gravity vector. This allows for the gravity vector to be separated from the acceleration vector to produce the linear acceleration vector associated with the expected linear motion.
The force (F) measurement is used to trigger and stop the linear acceleration integrator. The force measurement is not subject to the free space vibration noise that the accelerometer is subject to, and so a sharp rise in force is indicative of the start of material compression. Similarly, the turning point of the force measurement indicates material relaxation, and thus triggers the integrator to stop. The accumulated acceleration data between the start and stop periods will then only be associated with the compression of the material. Graphical representation of integrator start and stop conditions showing force and acceleration signals for one full measurement cycle. The acceleration on the advancement period will result in the compression beginning with unknown initial velocity.
The force and linear acceleration data for one measurement cycle is shown in Fig. 4 , highlighting the meaning of the start/stop conditions. Acceleration magnitude is too small during the relaxation period to reliably measure the material relaxation. The approach period, where the sensors are travelling towards the test material through air, will result in an unknown initial contact velocity.
The acceleration data corresponding to the compression period is integrated to yield velocity (V). The initial velocity parameter is estimated by knowing that the end velocity (V stop ) is ideally zero, the estimated velocity can then be offset using this V stop value to give the true velocity during the compression cycle (V corrected ).
The error in V corrected is estimated and eliminated by examining the integral displacement (S) with the knowledge that the derivative of displacement, S, must be zero at the end of the compression cycle. Should there be an offset error on V corrected , the subsequent displacement gradient after integration, which is V error , can be removed from V corrected and integrated to yield the final displacement estimate (x) that is free from integral drift caused by the estimation of initial velocity.
The displacement vs. time, in the direction of the force sensor principle axis, is then used in conjunction with the force vs. time relationship to determine the material characteristic curve denoted by force vs. displacement. This relationship is then combined with the sensing area and material dimensions to determine the requisite stress vs. strain relationship, characteristic of individual material samples.
The material characteristic curve, the force vs. displacement relationship describing bulk material elastic properties, is generated using a quadratic best fit line to the measured force vs. displacement data from the MARG based device. The quadratic is suitable for representing Hookean and neo-Hookean materials and provides some resilience to noise.
C. Hardware Limit Considerations
As a result of the sensor guard, force measurements at compression depths greater than 7.5mm do not follow the Fig. 5 .
Example of the sensor guard invalidating measurements at depths >7.5mm. The invalid measurement stems from the change in force vs. displacement direction and rapid change in gradient.
expected Hookean or neo-Hookean response as the applied load is no longer being correctly coupled into the sensor and therefore will produce erratic results beyond this point as shown in Fig. 5 . Results with depths greater than 7.5mm are discounted from the calculation of the quadratic best fit line and estimation material characteristic curve.
The decoupling effect of the sensor guard manifests as a plateau, followed be a sharp spike as the probe compresses the material to the point where the backing dominates the signal.
V. ELASTICITY TEST METHODOLOGY
A. Elasticity Measurement
The proposed algorithm and hardware are tested by collecting force vs. displacement measurements using the device, for a range of 10 soft tissue silicone substitutes designed to approximate isolated samples of biological tissues from adipose to fibrous tissue and comparing the mean relationship with that from a universal testing machine.
The device is accelerated linearly, manually, towards the test material, with a contact velocity in the order of 0.8m/s to 1.5m/s, depending on the test material. The device is held firmly in the right hand to avoid slippage, and measurements using the device and reference standard are performed in close proximity in both time and space to reduce the effect of material aging and temperature variation. The ambient temperature at the time of testing was 20 • C.
The materials used, the data cleansing required, and a description of the validation methods are now provided.
B. Elasticity Test Materials
The device is designed to compress the material under test in a linear direction, parallel to the pressure sensor principal axis. The device is pressed into the test material in a fashion akin to a gentle prod, repetitively, in order to be able to generate a range of force vs. displacement solutions whose mean will converge on the true value as the repetitions increase. These force vs. displacement solutions, in themselves are the material stiffness, (k), can then be used to calculate the material elasticity, (E). Applying the MARG sensor and pressure sensor to elasticity measurements requires soft materials representative of breast tissue to test the system. The test materials used in this trial were made from Ecoflex™, 000-35, 00-10, and 00-30 rated Polydimethylsiloxane (PDMS) two part elastomer (Smooth-on, Inc., US-PA) with differing A:B mixture ratios and additive thinning agents, Silicone Thinner™ (Smooth-on, Inc., US-PA) to give a range of materials that can approximate human tissues. These materials are listed in Table 1 . The silicone elastomer samples were cast into uniform cylindrical billets with a diameter of 38mm and a height, L, of 20mm.
C. Valid Measurement Criteria
Data cleansing is performed in two stages: pre-processing raw data based, and post-processing calculated data based.
Data pre-process cleansing involves immediately rejecting compression data that has a peak acceleration vector component parallel to the principal axis less than 10m/s 2 , approximately freefall. At values below this threshold, quantization in time and quantization in acceleration compound to produce unreliable displacement measurements. Additionally, data where the displacement vector direction during compression deviates from the principal axis by more than 5 • is immediately rejected. Beyond this point, the capacitive pressure transducer is experiencing a shear component that it is not designed for. Ideally this constraint would be 0 • , but as this is a manually operated device some deviation is inevitable.
Data post-process cleansing removes force, F, vs. displacement, x, best fit curves that do not conform to Hookean or neo-Hookean models that typically describe biological tissues. Such models can be approximated, over a limited range, by a quadratic in the form of (1) as it is known that although biological tissues typically exhibit exponential responses [3] , exponentials can be approximated over a limited range by a quadratic [23] .
The implications of this is that viscoelastic materials will not be considered, as the test materials can be considered to be neo-Hookean or Hookean. A graphical representation of the data processing measurement rejection conditions is shown in Fig. 6 . In this situation, any solution that conforms to (1) is considered in the calculation of the mean response.
D. Calculation of Elasticity From a Hemispherical Geometry
For a hemispherical indenter with radius, r, the contact area, A, is a nonlinear function of the displacement depth, x, as shown in (2) .
Thus, from the general equation for elasticity (3), the final equation for elasticity using a hemispherical indenter is formed (4) , which considers the contact area changes in the estimation of applied stress. In this case the original size of the sample, L, is required and known. In (4), the term E(x) is used to allow for conditions where E is not a constant, and is a function of x.
E. Elasticity Validation Method
Validation of the calculated characteristic material curve for each material sample is performed by comparing the response from the MARG and pressure sensor system with the response from an Instron® 3342 universal testing machine (Instron Engineering Corp., UK). The Instron® 3342 has a stated accuracy of 0.5% and compresses the sample using the same 7.5mm hemispherical indenter as the handheld MARG based system. Compression range is restricted to 5mm, or 25% strain, rather than the full 7.5mm, or 37.5% strain, as at high strains, ε > 0.33, thin materials cannot be relied upon to exhibit bulk properties. The pressure sensor is separately tested on each sample material over this range to allow for confidence to be built on each component of this developmental system.
Repeat measurements, for each sample, from the Instron®, and the MARG and pressure sensor system are performed, and mean values are used to compare the material characterization ability of each method. The spread of results, from the repeat measurements, are presented to show the accuracy of any single measurement and compared to show the reliability of the MARG based system vs. the Instron® standard. 
A. MARG Sensor Elasticity Results
The results of sequential compressions of 10 silicone samples by the MARG based system and the Instron® standard are shown in Table 1 . The elasticities for each material are calculated using the linear region of (4) and are logged as the mean response with the interexperimental variability indicated separately. The mean error in the MARG based estimation of elasticity is taken as the total error between the mean elasticity estimations from the Instron® using 4 trials per sample and MARG using 10 trials per sample. These results are presented in graphical form in Fig. 7 .
It can be seen from Table 1 that the worst-case error between the mean responses of the MARG based system and the Instron reference is less than 4% over the material range.
B. MARG Based System Performance Analysis
From the results in Table 1 , the sensitivity of the MARG based system to errors borne from elasticity related effects of the material under test is shown in Fig. 8 . Additionally, the total intraexperimental scatter, for 10 repeated MARG tests per sample, is shown in Fig. 9 . These graphs are required to characterize the response of the MARG based system over its operational range. The results of repeatability testing on sample 3, chosen at random, is shown in Fig. 10 . It can be seen that utilizing a 10 compression cycle measurement regime rather than a 6 cycle regime significantly reduces the overall estimation spread. This is expected as statistical outliers are easier to identify with higher population numbers.
Additionally, it is shown that 3 repeated 10 cycle measurements produce excellent repeatability over the full compression range. This provides good confidence in the measurement technique as we are able to achieve repeatability on the raw force vs. displacement response even before statistical outlier rejection is applied. This single sample repeatability is typical of the global system repeatability and, when mean responses are considered, results in mean repeatability within 1.5%. 
VII. DISCUSSION
A. Elasticity Results Discussion
The better than 4% measurement accuracy of the proposed system, shown in Table 1 and Fig. is achieved by taking the mean response of 10 repeated compression cycles and comparing this with the mean response of the Instron®. This is appropriate, as even the Instron® uses internal averaging, but the Instron® can achieve this in one compression.
If any single compression cycle were taken as being representative of the material under test the accuracy would be considerably worse, up to 50% as indicated in Fig. 10 . Additionally if fewer compression cycles are taken, say 6 for example, outliers cannot be easily identified and so the accuracy of any single compression used to calculate the mean response will also be up to 50%. However by taking 10 cycles, outliers can be identified and rejected from the mean calculation resulting in the error of any single compression used to calculate the mean typically being between 5% and 10% as shown in Fig. 9 .
If any single full measurement of a tissue, defined as 10 compression cycles, is used to characterize a tissue then the accuracy becomes better than 4% when compared with the Instron®. In order to facilitate a timely measurement, 10 cycles are used for each measurement as this gives acceptable accuracy in a reasonable timeframe (<10s).
B. Error Sources and Limitations
There are 2 primary sources of error in the proposed system. The first is error arising from the measurement of applied stress. One of the key requirements of this technique is that the probe compresses normally to the surface and have a direction vector within 5 • of the sensor axis. This angle is used as an inexperienced operator can be expected to achieve a successful compression 95% of the time. Ideally this would Fig. 11 . Error and repeatability plots, Left) Force sensor noise does not noticeably increase near biological tissues, so is immune to parasitic effects. Right) Comparison of MARG displacement Vs. Leica Tracker, showing that the overall error is reduced by applying the measurement criteria described in section V.C. be 0 • , but people cannot move linearly without guidance due to the hinging nature of the elbow. Consequently, if the angle is not 0 • the stress measurement will not correlate with the strain measurement but, as the angle is low, the shear force is low. The parasitic effects of the capacitive sensor in contact with biological tissues is not a significant source of error as the sensors are fully shielded. Fig. 11 shows the effect of touching the sensor on the noise floor of the force measurement. The effect of the temperature coefficient, <0.2% / • C, is negligible.
The second is error arising from the measurement of strain. As this is done by the double integration of acceleration, this is certainly the dominant source of error, despite the effect of the MARG fusion algorithm in reducing the effect of integral drift. The measurement of strain is most affected by vibration, as the direction is filtered using magnetometers and gyroscopes but the strain is only determined by the acceleration, as such the measurement of strain is resistant to intermittent magnetic field variation. Fig. 11 shows the validation of the displacement measurement vs. a Leica® AT403 Absolute Tracking system (Hexagon Metrology Ltd. UK) with accuracy ±15μm over 120 manual repetitions on sample 3. These were at a range of depths between 8mm and 15mm. This shows the effect of the valid measurement criteria on error reduction. The increase in elasticity spread magnitude vs. elasticity, shown in Fig. 9 , indicates that the vibration gets worse as the materials stiffen. This is expected as the probe compresses the material harder, the stability of the hand reduces and so shakes the sensor. This results in variation in the strain measurement by constructive or destructive addition of the acceleration vectors.
C. Operational Range Compared With Typical Breast Tissues
As the proposed system is capable of measuring elasticity in the range 9kPa to 90kPa with accuracy within 4%, up to 115kPa based on the tactile sensor rating, it is possible to characterize the elasticity of a broad range of breast tissues directly including several malignant conditions such as Phyllodes Tumours and Papilloma [1] , [3] . Given that the tactile sensors can by operated up to 2 times their rating with proper calibration, the range increases to 250kPa. This allows for measurements of ex-vivo samples of malignant tissues such as Lobular Carcinoma and Fibroadenoma at strains < 0.1.
The intended future application of this system is as a support method for larger tactile imaging systems, where this method would be used to measure the background breast elasticity, allowing for characterization of in-vivo lesions by differential measurement [8] . Consequently the system would be typically used on normal tissue and soft benign tissues [23] , with elasticities of approximately 10kPa and 88kPa for fatty tissue and glandular tissues respectively. This is well within the characterized operational range of the proposed system.
D. Applications and Commercial Implications
The application of this technology is in fixed array tactile imaging, allowing for breast and lesion elasticity to be reliably determined together in a non-invasive manner, where this technology provides the background breast elasticity. This is an important step towards tactile imaging performing on the spot diagnosis of lesions, as commercial tactile imaging provides only the relative elasticity of a lesion currently.
Additionally, the development of an elastometer using no moving parts presents an important commercial implication. The lack of complex mechanisms will significantly reduce the implementation cost and improve the mean time between failures (MTBF) when compared to currently available mobile element methods.
VIII. CONCLUSIONS
This paper has presented a novel, hand-held, elasticity measurement technique based on strain measurements from the double integration of acceleration from MARG sensors, capable of characterizing soft tissues with elasticities in the range of 9kPa to 90kPa, with a maximum effective range of 115kPa. The accuracy when compared with an Instron® Universal Testing Machine is within 4%, with a repeatability of 1.5% which can be fully explained by material variability.
To achieve this result, a novel MARG fusion algorithm was also presented. The algorithm fused the tactile sensor and MARG sensor, using the knowledge that the MARG estimated strain should follow the same trend as the measured stress. This algorithm allows for elimination of the quadratic drift in displacement, typical of double integration of acceleration.
The clinical significance of measuring elasticity of breast tissues is clear in that the material elasticity is correlated with histological diagnosis and identification of a tissue. The operating range of the proposed system, covers the elasticity ranges of fatty tissue, glandular tissue, and several malignant tumours and carcinomas. This means that, although this technique is intended to support and supplement more established tactile imaging methods by measuring background tissue elasticity, which allows for in-vivo characterization of lesions, the proposed system is fully capable of stand-alone usage as an elastometer for pathologists in the clinical environment, although this would be in ex-vivo conditions.
The application of this technique to general fixed array tactile imaging systems will provide additional diagnostic metrics, enabling detailed lesion diagnosis in the near future at primary care centers or at home. This will have the positive effect of reducing the burden and cost of unnecessary mammograms and biopsies on secondary care centers and fundamentally reducing patient stress.
